This paper illustrates the rationale and the design of a robotic arm inspired by the octopus arm. The octopus arm (tentacle) presents peculiar features, like the capability of bending in all directions, of producing fast elongations, and of varying the stiffness. Such features are very attractive from a robotics viewpoint and pose demanding requirements on robot kinematics and control, and especially on the materials and the actuators. In the octopus, these unique motor capabilities are obtained thanks to the hydrostatic characteristics of the muscles and to their arrangement in the tentacle. By taking inspiration from them, we designed a robot arm completely soft and compliant, composed of muscles that can contract and that are arranged according to the geometry of the octopus tentacle, so as to reproduce the tentacle motor performance. In this paper we present the design criteria of the robotic tentacle and the fabrication of a generic tentacle muscle, based on a silicone material and on an EAP (Electro-Active Polymer). We designed the EAP with a particular geometry that increases the contraction range and force, and we show how this design, based on a special geometry for the arrangement of the muscles, allows to build the robotic tentacle.
Introduction
The octopus is a paradigmatic example for bioinspired robotics (Beer et al., 1997; Vincent, 2005; Brooks, 1991) . The octopus is an invertebrate sea animal with amazing motor capabilities and intelligent behavior (Hochner et al., 2003; Hochner et al., 2006) , which appear due to the peculiar morphology of the octopus body, and especially of its limbs (tentacles). The motor capabilities of the tentacles are far beyond any existing robots, for their dexterity and for the variability of their stiffness.
Based on this consideration, the authors started an investigation on the octopus tentacle (Mazzolai et al., 2007) , aimed at: 1) a deeper understanding of the biomechanics, kinematics, dynamics, control, and behaviour of the octopus tentacle, and 2) new design principles for actuation, sensing, and manipulation control, for robots with increased performance, in terms of dexterity, control, flexibility, and applicability.
Anatomy of the Octopus Tentacle
The octopus has eight tentacles, composed of muscles plus soft tissue and it lacks any skeletal structure. The octopus tentacle provides an extreme case of an arm with virtually unlimited degrees of freedom that can elongate, shorten, bend, or twist at any point (Rokni and Hochner, 2002) . Each tentacle is composed of special muscles named hydrostats, whose main characteristic is that their volume is constant during contractions (Kier and Smith, 1985; Kier, 1988) . The result is that if the diameter of a hydrostat increases, its length decreases, and vice versa.
Presented at the Biological Approaches for Engineering Conference, held 17-19 March 2008 at University of Southampton, Southampton, UK The octopus arms are almost entirely constructed of densely packed muscle fibers along their transverse, longitudinal, and oblique axes (Sumbre et al., 2001; Smith and Kier, 1989) . Fig. 1 (a) shows a simplified scheme of the octopus tentacle muscular structure. From biological literature (Kier, 1988) it is known that torsion (twisting around the long axis) of the arm results from contraction of the external and medial oblique muscles. Elongation of the arm can be obtained by contraction of the transverse muscles, as their orientation decreases the cross-sectional area. Shortening of the arm results from contraction of the longitudinal muscles: the cross-sectional area increases, re-elongating the transverse muscles. Thus, the transverse and longitudinal muscles have a reciprocal antagonistic action. Bending of the arm can be obtained by contraction of longitudinal muscles on one side of the arm and, simultaneously, by contraction of the transverse muscle in order to resist the longitudinal compression forces caused by contraction of the longitudinal muscles (Walker et al., 2005) .
Design of a Robotic Tentacle
In the design of the robotic tentacle, we consider specifically the longitudinal muscles and the transverse muscles, and their reciprocal actions. We design the longitudinal muscles as cylindrical muscles running all along the tentacle length ( Fig. 1 (b) ) and we design the transverse muscles as 4 quarters of arcs, arranged on a plane, perpendicular to the longitudinal muscles ( Fig. 1 (c) ). The robotic tentacle is then obtained by 4 longitudinal muscles and a number of transverse muscles in parallel, whose number depends on the total tentacle length ( Fig. 1 (d) ).
We know from biology that the tentacle has hydrostatic muscles, which do not change their volume during the contraction. The relation between the diameter of a cylinder and its length, with constant volume, is shown in Fig. 2 : when L is greater than Φ, then small reductions of Φ correspond to large increases of L. In the geometry of the octopus tentacle, usually L/Φ > 1 and typically L/Φ > 10. This is very important, because small contractions of the transverse muscles can produce great elongations, passively. This affects the requirements for the muscles, which need to be highly compliant, passive elongation, and do not need to perform large contractions.
Design and development of an EAP actuator for the tentacle muscles
We analysed many different technologies for developing an actuator to embed in our tentacle muscles and we chose an electro-active polymer (EAP) (Bar-Cohen, 2004) , based on dielectric elastomers (Pelrine et al., 2002) because it allows to achieve theoretically the performances required, in terms of force and power density (even if lower than other not polymeric actuators). 
(c) Relative increase of length as a function of the relative reduction of the diameter. We can see that a 5% contraction of the transverse muscles gives an elongation of 10% of the longitudinal muscles, while a 10% contraction of the transverse muscles gives an elongation of 23.5%. Due to this, the speed of elongation is also higher than the speed of contraction of the transverse muscles. ( c )
The mechanical driving force of dielectric EAPs derives from Coulomb charge attraction. When a capacitor is charged by application of an electric field, the electrodes tend to move closer squeezing the elastomeric dielectric material that is between them. The energy density of the electric field is:
, where ε r and ε 0 are the dielectric constants and E the electric field.
The force between the electrodes is:
where dU is first derivative of the energy of the dielectric field. This latter expression shows that better performance can be obtained with thin layers (low z) and large areas (high A). Since the contraction direction is perpendicular to the area of the electrodes, in order to exploit this principle, for our aims, it is necessary to stack the elementary units in order to obtain extended device able to contract along the longer axis. A new actuator structure has been thus developed; the structure is built by folding many times a thin and soft polymeric substrate (the dielectric material) covered on the 2 sides by thin metal films that work as electrodes (see Fig. 4 (a) ). The polymeric material used is a particular type of silicone; it was chosen for its electrical and mechanical characteristics, by using the equation of force and after a series of characterization tests.
The Fabrication of the EAP actuator for the tentacle muscles is illustrated in Fig. 3 Pictures of the working principle and of the prototype are given in Fig. 4 (b) and (c). Manufacturing processes have to be optimized, but already allow to obtain functional devices with the right design. Fig. 4 
Conclusions and future work
The work presented here is part of the ongoing study, design and development of a novel robotic octopus tentacle. The prototype of one tentacle muscle, presented here, is based on a silicone material and on a new EAP actuator, characterized by a particular folded geometry aimed at increasing the contraction range and force. The EAP actuator is based on a thin silicone film sputtered with gold, which works as an electrode. The robotic tentacle has been designed considering specifically the longitudinal muscles and the transverse muscles of the octopus, and their reciprocal actions. The ongoing work is devoted to fabricate and to control the tentacle muscles with the EAP technology proposed, and to arrange them according to the biological tentacle muscular geometry.
This allows to obtain a completely compliant robot body, with no rigid structures, able of fast elongation, multidirectional bending, and varying stiffness.
